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Edited by M. GussAbstract2-Cys peroxiredoxin (Prx) enzymes are ubiquitously distributed peroxidases that make use of a peroxidatic
cysteine (CysP) to decompose hydroperoxides. A disulfide bond is generated as a consequence of the partial
unfolding of the α-helix that containsCysP. Therefore, during its catalytic cycle, 2-Cys Prx alternates between two
states, locally unfolded and fully folded. Tsa1 (thiol‐specific antioxidant protein 1 from yeast) is by far the most
abundant Cys-based peroxidase in Saccharomyces cerevisiae. In this work, we present the crystallographic
structure at 2.8 Å resolution of Tsa1C47S in the decameric form [(α2)5] with a DTT molecule bound to the active
site, representing one of the few available reports of a 2-Cys Prx (AhpC-Prx1 subfamily) (AhpC, alkyl
hydroperoxide reductase subunit C) structure that incorporates a ligand. The analysis of the Tsa1C47S structure
indicated that Glu50 and Arg146 participate in the stabilization of the CysP α-helix. As a consequence, we raised
the hypothesis that Glu50 and Arg146 might be relevant to the CysP reactivity. Therefore, Tsa1
E50A and
Tsa1R146Q mutants were generated and were still able to decompose hydrogen peroxide, presenting a second-
order rate constant in the range of 106 M−1 s−1. Remarkably, although Tsa1E50A and Tsa1R146Q were efficiently
reduced by the low-molecular-weight reductant DTT, these mutants displayed only marginal thioredoxin (Trx)-
dependent peroxidase activity, indicating that Glu50 and Arg146 are important for the Tsa1–Trx interaction.
These results may impact the comprehension of downstream events of signaling pathways that are triggered by
the oxidation of critical Cys residues, such as Trx.
© 2012 Elsevier Ltd.Open access under the Elsevier OA license.Introduction
Peroxiredoxins (Prxs1) constitute a large family of
thiol-specific antioxidant proteins that catalyze the
reduction of hydrogen peroxide and organic hydro-
peroxides to water and alcohols, respectively,1–3
with second-order rate constants in the range of
106–108 M−1 s−1.4–10 This range represents an
extraordinary catalytic efficiency, as free cysteine
presents a second-order rate constant of approxi-
mately 101 M−1 s−1.11 Prxs are ubiquitously distrib-0022-2836/© 2012 Elsevier Ltd. Open access under the Elsevier OA liceuted among prokaryotic and eukaryotic organisms,
and most of these enzymes utilize thioredoxin (Trx)
as an electron donor.1,12 This reductive step of the
catalytic cycle is less thoroughly characterized. The
few available studies indicated that the second-order
rate constant for the reduction of Prx by Trx lies in the
range of 106 M−1 s−1.8,13
Prxs are subdivided into subfamilies that present
very divergent amino acid sequences but those
uniformly possess at least one conserved cysteine
residue at the active site (the peroxidatic cysteine,J. Mol. Biol. (2012) 424, 28–41nse.
29Requirements for Tsa1 disulfide reduction by TrxCysP). This residue is responsible for the nucleo-
philic attack on the hydroperoxide and then becomes
oxidized into a sulfenic acid (CysP-SOH). All of the
Prx enzymes possess a catalytic triad composed of
CysP, a threonine (or a serine) and an arginine. The
CysP and the Thr(Ser) residues are part of the Pro-X-
X-X-Thr(Ser) X-X-CysP conserved motif,
3,12,14,15
whereas the entirely conserved Arg is distantly
localized in the Prx primary structure. These
residues were proposed to stabilize the side chain
of CysP in the thiolate form (CysP-S
−) at physiolog-
ical pH, thereby increasing its nucleophilicity. How-
ever, the augmentation of thiolate availability would
account for an increase in cysteine reactivity of only
a factor of 10.16 Arg and Thr residues, among others,
most likely stabilize the transition state between
thiolate and peroxide in an SN2 substitution type of
reaction.16–18
Most Prxs of all the subfamilies characterized thus
far are found as homodimers and can be classified
by the number of cysteinyl residues that are involved
in catalysis as either 1-Cys Prx or 2-Cys Prx. The 2-Fig. 1. Tsa1C47S structure. (a) Overall view of decameric str
monomers of each one of the five domain-swapped dimers are
terminal portions are identified in the monomers of the upper d
represented by spheres and colored by CPK (Corey–Pauling–
map is shown in light blue and contoured at 1.3 σ. The map clea
attributed to a reduced DTT molecule. (c) Comparison of DT
ApPrx (only the oxygen atoms of hydrogen peroxide are depict
relative to the position of the Sγ of CysP, as proposed by Hall et
and the A. pernix Prx is represented in light gray (PDB code 3A2
depicted in red and sulfur atoms are depicted in pale orange. TCys Prxs can be further subdivided in two classes
based on the formation of either intermolecular or
intramolecular disulfide bonds, which are known as
typical and atypical 2-Cys Prx, respectively.3,12,14
Additionally, the Prxs can be classified according to
their amino acid sequence conservation and/or
structural features.19,20 In the last proposal,20 the
Prxs can be separated into six subfamilies (AhpC-
Prx1, Prx6, Prx5, Tpx, BCP/PrxQ and AhpE) (AhpC,
alkyl hydroperoxide reductase subunit C), most of
which contain a second cysteine residue that is
known as the resolving cysteine (CysR). This residue
reacts with the CysP-SOH, generating, in the case of
the AhpC-Prx1 subfamily, an inter-subunit disulfide
bond that is usually reduced by Trx.20 Proteins
belonging to the AhpC-Prx1 subfamily play a central
role in redox signaling, some of them endowed with
chaperone activity besides the well‐described thiol-
peroxidase activity. The peroxidase and chaperone
activities of mammalian Prx1 and Prx2 are regulated
posttranslationally by means of phosphorylation and
oxidation.21 Acetylation is another posttranslationalucture with DTT in the active site of some monomers. The
depicted in blue and light gray, and the N-terminal and C-
imer as N-T and C-T, respectively. The DTT molecules are
Koltun) (C, green; N, blue; O, red; S, orange). (b) 2Fo−Fc
rly shows the presence of a strong density at the active site
T binding in Tsa1C47S with hydrogen peroxide binding in
ed; OA is the proximal atom, whereas OB is the distal atom
al.26). The Tsa1C47S structure is represented in dark green,
V). Nitrogen atoms are depicted in blue, oxygen atoms are
he amino acids are numbered relative to the Tsa1 protein.
Table 1. Collection parameters and crystallographic data
statistics
Space group C2
Unit cell parameters
a, b, c (Å) 239.98, 51.96, 192.35
β (°) 92.33
Resolution limits (outer shell) (Å) 50.00–2.80 (2.87–2.80)
No. of unique reflections 58,102
Completeness (%) 97.58 (92.44)
Rsym (%)
a 10.5 (42.4)
〈I/σ(I)〉 13.7 (3.2)
Reflections
Working 55,105
Test 2933
Non-hydrogen atoms
Protein 15,208
Waters 360
DTT 48
Rfactor/Rfree (%) 20.1/27.3
r.m.s.d.
Bonds (Å) 0.01
Angles (°) 1.78
Average B‐factor
Main chain 13.06
Side chains and waters 13.38
Ramachandran analysis (%)
Most favored regions 86.6
Additional allowed regions 13.4
Generously allowed regions 0
Disallowed regions 0
PDB code 3SBC
The values in parentheses refer to the highest‐resolution shell.
a Rsym=ΣhklΣi∣Ihkl,i− 〈I〉hkl∣/Σ∣〈I〉hkl∣.
30 Requirements for Tsa1 disulfide reduction by Trxmodification that appears to regulate Prx activity and
that may have also effects on redox signaling.22
Several typical 2-Cys Prx dimers of the AhpC-Prx1
subfamily can assemble as [(α2)5] or larger com-
plexes in a reversible and regulated manner, a
process that was implicated in their ability to function
as molecular chaperones.23,24 Several characteris-
tics of this redox mechanism have been revealed,
although some of the structural intermediates
involved remain unknown.24,25 When the enzyme
is in the reduced state, the catalytic cysteines are too
distant (~10 Å) to form a disulfide bond; thus, a
molecular remodeling of the α-helix that contains
CysP takes place through two structural states that
are designated fully folded (FF) and locally unfolded.
These localized remodeling processes have been
implicated in triggering larger quaternary transitions
of AhpC-Prx1-like proteins.26
The Saccharomyces cerevisiae Tsa1 (thiol‐spe-
cific antioxidant protein 1 from yeast) was the first
eukaryotic Prx characterized,1,2 and several studies
have been performed to assess the function and
structure of this protein.23,27–30 Based on data that
were generated on the genomic scale, Tsa1
represents 91% of all Cys-based peroxidases in
yeast.31,32 Furthermore, Tsa1 plays a central role in
the response of yeast to different types ofstresses,33–38 being able of activating transcription
factors.32 Despite the known importance of this
enzyme, no high-resolution structural data are
available for Tsa1. In this work, we describe the
crystallographic structure at 2.8 Å resolution of
Tsa1C47S from S. cerevisiae in a decameric form
[(α2)5] that is maintained primarily by hydrophobic
interactions. Additionally, DTT molecules have been
found in six out of ten catalytic pockets, representing
one of the few available structures of an AhpC-Prx1
enzyme complexed with a ligand. Furthermore, the
analysis of the structure of Tsa1C47S in the FF state
may be relevant to the active‐site configuration and
CysP reactivity. The hypotheses raised by these
analyses were tested by site-directed mutagenesis,
enzymatic assays and size-exclusion chromatogra-
phy. Remarkably, although the DTT peroxidase
activities of Tsa1E50A and Tsa1R146Q were similar
to that of the wild-type Prx, these mutant enzymes
displayed only marginal Trx-dependent peroxidase
activity. The disulfides of Tsa1E50A and Tsa1R146Q
were only slightly reduced by Trx, indicating that
Glu50 and Arg146 play a central role in the
interaction of Tsa1 with Trx. In contrast, the
second-order rate constants for the reactions of
these mutant enzymes with hydrogen peroxide
slowed down only approximately 10-fold compared
to wild-type Tsa1.Results
Overall structure of Tsa1C47S
The Tsa1C47S crystallographic model was
obtained by molecular substitution and showed initial
values ofRmerge=47.42 andRfree=49.01, presenting
a decamer as an asymmetric unit (Fig. 1a). The final
model exhibits Rmerge=20.13, Rfree=27.33 and a
total of 1951 amino acids, 41 of which were marked
as alanine due to the lack of electronic density
corresponding to their side chains. All of these amino
acids are actually lysine and glutamic acid, which are
very common in this protein, particularly at the
surface. In the active site of nine monomers, strong
electron densities were found and were attributed to
DTT molecules, likely derived from the crystallization
mother liquor solution. However, only DTT mole-
cules that showed a good fit to the electron density
(six molecules) along crystallographic refinement
were maintained until the end of the procedure (Fig.
S1). In addition to the DTT molecules, 360 water
molecules were assigned in the final model. The
complete crystallization data and the refinement
statistics are presented in Table 1.
The Tsa1 decamer is composed of five swapped
dimers, constituting an [(α2)5] structure (Fig. 1a).
The five homodimers are kept together by
Fig. 2. Polar interactions in the
active site of AhpC-Prx1 enzymes
in the FF state (a–d). The models
are represented as cartoons,
whereas the amino acids involved
in polar interactions are represented
in ball and stick. Except for C atoms,
which are colored in a half-tone
corresponding to the related struc-
ture, the atoms are color-coded as
follows: O atoms are represented in
red, N atoms are represented in
dark blue and S atoms are repre-
sented in light orange. The red
asterisk (*) denotes that the
amino acid belongs to the adjacent
monomer, and the red characters
denote the distance in angstroms
between the atoms involved in
polar interactions. (a) S. cerevisiae
Tsa1C47S (blue, PDB code 3SBC).
(b) H. sapiens Prx4 in reduced
form (yellow, PDB code 2PN8). (c)
H. sapiens TPxB/Prx2 (red, PDB
code 1QMV) in which the CysP is
over-oxidized to CysP-SO2H. (d)
Mutant Prx1C52S R. norvegicus
(orange, PDB code 2Z9S).
31Requirements for Tsa1 disulfide reduction by Trxnoncovalent bonds (hydrophobic and polar interac-
tions) among the amino acid residues located at
the dimeric interface and constitute the peroxidatic
units of the 2-Cys Prx. Each Tsa1C47S monomer
presented the expected Trx fold and is composed
of a central seven-strand β-sheet surrounded by
seven α‐helices. The stabilization of the decameric
structure occurs by van der Waals, hydrophobic
and polar interactions, primarily involving Phe21,
Leu41, Phe43, Thr44, Phe45, Tyr77, Ser78, Ser79,
Leu80, Ala81, Asn104, His105, Glu117 and
Val183.
The DTT molecule is positioned in a cavity that
is formed between the two subunits at the active‐
site entry. The conformation of DTT molecule
varies among the six active sites (Figs. S1 and
S2). A representative DTT molecule modeled at
the electron density is presented in Fig. 1b.
Despite the differences in DTT conformations in
the six active‐site pockets, in all cases, one sulfur
(S1) and one oxygen (O1) atoms of the DTT
molecules always adopt a conserved orientation
relative to Arg123 and Ser47 residues (Figs. S1
and S2). It is possible that the DTT molecule in the
Tsa1C47S structure is also mimicking hydrogen
peroxide, as proposed before for other ligands
complexed with Prxs.17 This proposal is based on
the structure of a decameric ApPrx (Prx6 from
Aeropyrum pernix), whose crystals were soaked
with hydrogen peroxide.39In the case of the Tsa1C47S structure, one sulfur
atom (S1) of the DTT molecule appears to adopt a
position similar to that of the proximal oxygen atom
(the oxygen atom closer to the sulfur atom of CysP,
so-called OA in Ref. 17) of the hydrogen peroxide
molecule, and the positions of the residues in the
active site are found to be in similar positions
between the two enzymes (Fig. 1c). In Tsa1C47S,
distinct features of the enzyme–ligand structures are
as follows: (i) DTT is in the reduced state, and (ii) an
S atom is placed in the position of OA, whereas in the
other ligands analyzed before,17 an O atom is
observed. Perhaps, in the Tsa1C47S mutant with a
–SH group replaced by a –OH group that makes
room for a –SH ligand.
In the ApPrx structure,39 the hydrogen peroxide
molecule is stabilized by several interactions with the
amino acids of the active site, including the
canonical Arg residue (Arg123 in Tsa1; Arg126 in
ApPrx) of the catalytic triad. Arg residue of the
catalytic triad can assume two configurations
(named position I or position II), which are associ-
ated with the presence of a second Arg residue
(Arg146 in Tsa1) that is conserved in several of the
Prx subfamilies (AhpC-Prx1, Prx6 and AhpE).17 An
Arg-Glu-Arg hydrogen-bonding network leads the
guanidinium group of the active-site Arg to be in
position I. Indeed, Arg123 (which belongs to the
catalytic triad) is in position I in the yeast Tsa1C47S
structure presented here (Fig. 1b).
32 Requirements for Tsa1 disulfide reduction by TrxElectrostatic interactions of Glu50 with Arg123
and Arg146 and active‐site configuration
The Ser47 residue (equivalent to CysP in the wild-
type protein) is located at the first turn of α-helix 2,
while the Cys170 residue (CysR) is positioned in aFig. 3. Steady-state kinetic analyses of Tsa1, Tsa1E50A and
followed by the oxidation of NADPH (A340 nm) at 30 °C in a 10
peroxide; 1 (a), 2 (b), 5 (c) or 10 μM (d) S. cerevisiae Trx1; 0
Tsa1E50A (▲) or Tsa1R146Q (♦). As a control, samples without
peroxidase activity of Tsa1 and mutants. The rates of DTT oxid
absorbs at 310 nm. The reactions were conducted at 30 °C, in
and 10 mM DTT and using 12.5 μM Tsa1 or mutant proteins. R
The activity toward hydrogen peroxide and t-BOOH was determ
for Tsa1 [(e) and (f); (●)]. For the mutants Tsa1E50A (▲) and Ts
and 10.0 μM min−1 μMEnzyme
−1 (e) and toward t-BOOH was 2
experiments were repeated at least three times.loop, between α-helix 6 and α-helix 7. The distance
between the distal atoms of the side chains of amino
acids 47 and 170 (Oγ and Sγ) is about 10.0 Å, which
would be too far away to forma disulfide bond (~2.0 Å)
in the wild-type protein. In the crystal structure of
Tsa1C47S,α-helix 2 is in the FF state, aswas observedTsa1R146Q. (a–d) Trx-dependent peroxidase activity was
0‐μl volume containing 150 μM NADPH; 200 μM hydrogen
.2 μM S. cerevisiae TrxR1 and 1 μM wild-type Tsa1 (●),
the Tsa1 addition were also monitored (■). (e and f) DTT
ation were evaluated by the formation of its disulfide, which
100 mM phosphate‐buffered saline (pH 7.0), 1 mM DTPA
eactions were initiated by the addition of peroxides (2 mM).
ined to be 10.9 and 3.6 μM min−1 μMEnzyme
−1 , respectively,
a1R146Q (♦), the activity toward hydrogen peroxide was 9.1
.7 and 3.6 μM min−1 μMEnzyme
−1 (f), respectively. All these
Fig. 4. Reduction of Tsa1, Tsa1E50A and Tsa1R146Q by DTT (a–c) or by Trx (d–f). DTT-reduced Tsa1, Tsa1E50A and
Tsa1R146Q (30 μM) were previously oxidized with 1.2 eq of hydrogen peroxide for 2 h at 4 °C and reduced again at different
times by using DTT (300 eq) [(a), (b) and (c), respectively] or yeast Trx 1 (1 eq) [(d), (e) and (f), respectively] at different
intervals, as described in the upper part of the gels. Lane 1 contains the protein oxidized with 1.2 eq hydrogen peroxide. D,
dimer; M, monomer.
33Requirements for Tsa1 disulfide reduction by Trxfor the AhpC-Prx1 subfamily structures in the reduced
or over-oxidized enzymes.20,26,39
As frequently found in other Prx structures, Arg123
is located near Ser47 (Fig. 1c). In the wild-type
protein, this residue likely stabilizes the thiolate form
of CysP
47. In this analysis, we emphasize the
presence of a Glu (Glu50 in yeast Tsa1) that is
also near CysP
47, in the same α-helix (Fig. 2a). Glu50
interacts with Arg123 and Arg146 through polar
interactions. Arg123 and Arg146 are located in a
loop between β-sheet 7 and α-helix 6 (Fig. 2a). A
comparison with related eukaryotic 2-Cys Prx
structures in the FF state revealed that equivalent
residues occupy the same relative positions and
interact with equivalent amino acids, and the
distances are also highly similar (Homo sapiens
Prx4, Fig. 2b; H. sapiens Prx2, Fig. 2c and Rattus
norvegicus Prx1, Fig. 2d). Indeed, the sequence
alignment of several AhpC-Prx1 enzymes revealed
that Glu50, Arg123 and Arg146 residues are
conserved in all of the proteins in this subclass, as
shown before.20 Residues corresponding to Arg146
in Tsa1 were previously implicated in the reactivity of
human Prx2 and Prx3 toward peroxides. Therefore,
we decided to further investigate the effects of these
residues on Tsa1 peroxidase activity.
The Glu50Ala and Arg146Asn Tsa1 variants are
slightly reduced by the yeast Trx system but are
efficiently reduced by DTT
Next, the effects of Glu50 and Arg146 mutations
on the Trx-dependent peroxidase activities were
evaluated. Remarkably, under the experimental
conditions used here, Tsa1E50A and Tsa1R146Q
displayed only marginal Trx-peroxidase activity,
whereas Tsa1 decomposed peroxides as expected
(Fig. 3a–d). To shed light on this phenomenon, we
also evaluated Tsa1, Tsa1E50A and Tsa1R146Q
peroxidase activities using DTT, instead of Trx, asthe reducing agent. In this case, not only Tsa1 but
also Tsa1E50A and Tsa1R146Q presented similar
DTT-dependent peroxidase activity toward hydro-
gen peroxide or t‐butyl hydroperoxide (t-BOOH)
(Fig. 3e and f). Therefore, it appears that Glu50
and Arg146 are particularly important for the ability of
Trx to reduce the Tsa1 disulfide bond, suggesting
that protein–protein interactions may play a role in
this specificity. Previously, the same phenomenon
was described for Tsa1C170S variants, that is, this
variant presents DTT-dependent peroxidase activity
but not Trx-dependent peroxidase activity.1 Remark-
ably, wild-type Tsa1 displayed high affinity for Trx2
(KM~1 μM) (Fig. S3), and single substitutions of
Glu50 or Arg146 were enough to almost abolished
Trx peroxidase activity.
Since the NADPH-TrxR1-Trx (TrxR1, Trx reduc-
tase 1 from S. cerevisiae) and DTT oxidation assays
(Fig. 3) are steady-state kinetic approaches, we
cannot discard several possibilities such as that
mutations may somehow disturb the active‐site
microenvironment, decreasing the reactivity of
CysP
47 toward hydroperoxides, and/or that the
CysP
47-CysR
170 disulfides in the Tsa1E50A and
Tsa1R146Q proteins are inefficiently reduced by Trx.
It is important to mention that CysP
47-CysR
170
disulfide formation can be divided into two steps:
(1) thiolate oxidation to sulfenic acid (CysP
47S−+
ROOH→CysP
47SOH+H2O) and (2) condensation
(CysP
47SOH+CysR
170SH→CysP
47S−S CysR170) and
both could be affected by the referred mutations.
Therefore, SDS-PAGE experiments were con-
ducted to specifically evaluate the reduction step of
Tsa1 and its mutants. Indeed, the oxidized forms of
the proteins run as a dimer in nonreducing SDS-
PAGE, whereas the reduced forms run as a
monomer.6,18 Tsa1, Tsa1E50A and Tsa1R146Q were
pre-oxidized with 1.2 eq of hydrogen peroxide and
treated afterward with DTT (300 eq) or Trx1 (1 eq) for
different time intervals (Fig. 4). Our results revealed
Fig. 5. Oxidation of Tsa1,
Tsa1E50A and Tsa1R146Q by hydro-
gen peroxide. Second‐order rate
constants for the reaction bet-
ween Tsa1 (♦) (slope= kTsa1 =
1.8×107 M−1 s−1), Tsa1E50A (▲)
(slope= kTsa1E50A = 1.8 × 10
6 M− 1
s−1) and Tsa1R146Q (●) (slope=
kTsa1R146Q=3,6×10
6 M−1 s−1) and
hydrogen peroxide were obtained
by a competitive assay between
Prx enzymes and HRP. These
experiments were repeated three
times. The left y‐axis is relative to
the activity of the wild‐type protein,
and the right y‐axis is relative to
the mutant Tsa1E50A Tsa1R146Q
constants.
34 Requirements for Tsa1 disulfide reduction by Trxthat all of the proteins were reduced by DTT to
approximately the same extent (Fig. 4a–c), which is
in agreement with the data obtained by the steady-
state approach (Fig. 3). In contrast, although Trx1
efficiently reduced Tsa1 (Fig. 4a–d), the mutants
Tsa1E50A and Tsa1R146Q were resistant to reduction
by Trx (Fig. 4e and f).
Determination of the rate constant for
the reactions between hydrogen peroxide
and Tsa1E50A and Tsa1R146Q
After examining the roles of Glu50 and Arg146 in
Tsa1 reduction by thiols, we analyzed their effects on
Tsa1 oxidation by hydrogen peroxide. Horseradish
peroxidase (HRP) competition assays revealed that
Tsa1 presents a high reactivity toward hydrogen
peroxide with a second-order rate constant equal to
2.2×107 M−1 s−1.7
In agreement, we redetermined the second-order
rate constant of Tsa1 with hydrogen peroxide and
found a similar value (2.0×107 M−1 s−1; Fig. 5). In
contrast, the second-order rate constants for the
reaction of hydrogen peroxide with Tsa1E50A and
Tsa1R146Q were 2.0 × 106 M − 1 s − 1 and 4.0 ×
106 M− 1 s− 1, respectively (Fig. 5). Therefore,
Tsa1E50A and Tsa1R146Q were still able to efficiently
reduce hydrogen peroxide but with reactivities that
are 1 order of magnitude lower than that of the wild-
type protein. Taken together, our results indicated
that the E50A and R146Q substitutions primarily
affected the reduction of Tsa1, whereas the reactivity
toward hydrogen peroxide was less impaired.
Evaluation of the effects of E50A and R146Q
substitutions on the topology of Tsa1 surface
Effects of Glu50 or Arg146 substitution on protein
shape were analyzed by size-exclusion chromatog-raphy. Under the experimental conditions employed
in this study, the elution profile indicated that Tsa1
was predominantly present as a decamer, indepen-
dently of the oxidation state (Fig. 6a). However, the
reduced decameric form of Tsa1 eluted slightly
slower than the corresponding oxidized decameric
form (Fig. 6a), which may reflect slight differences in
the protein shape. Moreover, the quaternary struc-
tures were also evaluated by transmission electron
microscopy, indicating again that Tsa1 was a
decamer in both experimental conditions (Fig. S4).
In these studies, Tsa1 was employed at 15 μM
concentrations, which, in principle, would disfavor
the formation of dimers that are present at concen-
trations below 2.5 μM.40 In any case, it was
interesting to observe the change in retention time
associated with the redox state. In contrast to the
wild-type enzyme, the Tsa1E50A and Tsa1R146Q
mutants displayed an identical elution profile in
both oxidizing and reducing conditions (Fig. 6b and
c), suggesting that these residues may play a role on
redox change of the topology of Tsa1 decamer.
Indeed, comparing the surface area of Ahpc-Prx1
enzymes in reduced (Fig. 7a, c and e) with disulfide
(Fig. 7b, d and f) states, it is evident that only the
latter ones present a protuberance that contains the
catalytic Cys, as well as residues equivalent to
Glu50 and to Arg146 in Tsa1, consistent with their
involvement in the Tsa1 reduction by Trx. The
partially unfolded α-helix may produce an optimal
surface for Trx recognition that involves exposition of
Glu50, Arg146 and Cys170 (Fig. 7b, d and f), as also
indicated by the fact that mutation of these residues
impair its reduction by Trx (Figs. 3a–d and 4d–f and
Ref. 1). In contrast, disulfide reduction by a small
molecule, such as DTT, was not affected by these
mutations (Figs. 3e and f and 4a–c) likely because
no steric barriers are present and/or no protein–
protein interactions are required. It is noteworthy to
Fig. 6. Size-exclusion chromatography of reduced
(continuous lines) and oxidized (broken lines) Tsa1 (a),
Tsa1E50A (b) and Tsa1R146Q (c). Prx enzymes (15 μM)
were injected into the system containing a Phenomenex
BioSep-SEC-S4000 column and were eluted at a flow rate
of 0.5 ml min−1 and monitored at 280 nm. The elution
profile of molecular standards ferritin (440 kDa), bovine
serum albumin (67 kDa), ovalbumin (43 kDa), carbonic
anhydrase (29 kDa) and α-lactalbumin (14.2 kDa) are
assigned as black arrows on the top of the figure. The
bumps that appear with retention times of about 21 and
23 min are probably due to low‐molecular‐weight com-
pounds employed in the experiment, such as TCEP or
imidazole.
35Requirements for Tsa1 disulfide reduction by Trxmention that the electrostatic surfaces change
considerably, as rat Prx1 switches from locally
unfolded and FF states (Fig. S5), which may also
have a relationship with the Prx–Trx protein–protein
interactions.Discussion
Prx enzymes, and particularly 2-Cys Prxs belong-
ing to the AhpC-Prx1 subclass, are receiving
increased attention as peroxide sensors due to
their high reactivity and abundance, among other
reasons.12,14,41 The data presented here are in line
with the transition‐state model presented before.17
According to this model, a second Arg residue
(Arg146 in Tsa1) would not be directly involved in
the stabilization of the transition state because it is far
away from the reactive cysteine and the ligand
molecule (~8.5 Å in Tsa1). Instead, Arg146 is
involved in salt interactions with a glutamate (Glu50
in Tsa1) (Fig. 2a) that apparently precludes its direct
interaction with the substrate or the leaving group.
Therefore, Arg146 would indirect ly assist
the catalytic Arg (Arg123 in Tsa1) in adopting an
orientation close to the Satom in the reactive Cys and
to the proximal O atom of the peroxide substrate.17
One contribution of this work was the demonstra-
tion that Glu50 and Arg146, fully conserved in AhpC-
Prx1 subfamily, are relevant for disulfide reduction
by Trx (Figs. 3 and 4). In contrast, mutations of Glu50
and Arg146 had lower effect on the oxidation of Tsa1
by hydrogen peroxide (Fig. 5), which is in contrast
with the profound impact of similar substitutions on
the second Arg residue in mammalian Prx2 and
Prx3.18 Consistent with our data, replacement of the
second Arg residue (Arg163 in a barley 2-Cys Prx)
with a glutamine provoked a decrease in the
enzymatic activity of only 1 order of magnitude.42
Therefore, to shed light on this discrepancy, we
measured Tsa1 oxidation by another means: a
nonreducing SDS‐PAGE assay, taking advantage
that disulfide form of 2-Cys Prx migrate as covalent
dimer.18 Since the first time point (10 s), Tsa1R146Q
appeared only in the disulfide form (Fig. S6b and f),
which is consistent with the HRP competition assay
that provided second-order rate constant values in the
range of 106 M−1 s−1 for the reaction of Tsa1R146Q
(Fig. 5). However, in the case of Tsa1E50A, the
formation of the covalent dimer was estimated to be
in the 103 M−1 s−1 range (Fig. S6a and e), which is in
contrast with the HRP competition assay (Fig. 5). One
possible explanation for this apparent discrepancy is
that the reaction between the sulfenic acid (CysP-
SOH) and the CysR-SH would be slowing down the
formation of the disulfide in Tsa1E50A. Indeed, this
effect by the resolution reaction was observed for
mammalian Prx5, whose corresponding mutant, with
no resolving Cys (Prx5C151S), displayed a much
higher reactivity than the wild-type variant.8
The different effects related to the mutation of the
second Arg residue could be related to different
amino acid replacements. In Tsa1 and in 2-Cys Prx
from plants,42 the second Arg residue was replaced
by a Gln, whereas in human Prx2 and Prx3, the
36 Requirements for Tsa1 disulfide reduction by Trxequivalent Arg residue was replaced by Ala, His, Lys
or Gly.18 Alternatively, these differences could also
be due to the particularities of each Prx enzyme. One
possibility in this regard is related to the presence of
Ile39 in Tsa1, whereas human Prx2 and Prx3
present a Tyr (Tyr43 in Prx2 and Tyr100 in Prx3)
and ApPrx possesses a His (His56) (see Fig. S7,
black arrow). More studies are required to fully
understand the role of the second Arg residue in the
catalysis by different Prx enzymes.
The relevance of Tsa1 reduction by Trx in redox
signaling triggered by hydrogen peroxide may be
high because it produces oxidized Trx. Several
signal transduction pathways are activated by the
oxidized form but not by the reduced form of Trx.43
The direct oxidation of Trx by hydroperoxides is
slow,1 and Prxs likely catalyze this reaction in vivo.
AhpC Prx1
Trx SHð Þ2 þ ROOH→Trx −SS−ð Þ þ ROHþ H2O
This view was recently supported by the finding
that inactivation of Prx from Schizosaccharomyces
pombe allowed reduced Trx to repair other damaged
proteins.44 Furthermore, only reduced Trx1 and Trx2
bind Ask-1, inhibiting its kinase activity. The oxidation
of Trx1 leads to the physical dissociation of the
complex and, consequently, to the activation of
Ask-1.45 Another example is the activation of NF-κB
by Trx1. The binding of subunit p50 to its target
sequence in the DNA requires the reduction of a
single cysteinyl residue by Trx1.46,47
In mammals, redox processes mediated by AhpC-
Prx1 enzymes (Prx1, Prx2, Prx3 and Prx4) have
been implicated in diseases, such as several kinds
of cancer, cardiovascular dysfunction and neurode-
generative diseases,21,48–50 which may also be
related to Trx redox status. Other physiological
processes, such as circadian cycles, depend on
AhpC-Prx1 enzymes, hydrogen peroxide and Trx.51
The local inactivation of Prx by over-oxidation and/or
phosphorylation under stressful conditions may
increase the local concentration of peroxides that
could then react with other targets and may also
increase the levels of reduced Trx, impacting redox-
dependent signaling pathways.21,52Materials and Methods
Expression, purification and crystallization
The procedures concerning Tsa1C47S expression and
purification have been reported previously28 but will be
described in this section for clarity. The optimal Tsa1C47S
crystallization condition was obtained from a DTT-treated
protein with a drop volume of 8.0 μl. The reservoir solution
(3.6 μl of sodium citrate at pH 4.2 and 10% polyethylene
glycol 3000) was mixed with an equal volume of proteinsolution, and 0.8 μl of 0.1 M sodium fluoride was used as
additive. The best Tsa1C47S crystals reached their
maximum dimensions after 72 h.
Data collection and processing
Selected crystals were cryoprotected using the reservoir
solution supplemented with 25% glycerol, cooled to 110 K
in a nitrogen gas stream and submitted to X-ray diffraction.
The data were collected using synchrotron radiation at the
protein crystallography beamline D03B of the Laboratório
Nacional de Luz Síncrotron, Campinas, Brazil, which is a
monochromatic beamline with a maximum photon flux of
1.3–1.6 Å. The wavelength of the incident X-ray was set to
1.431 Å, and a MARCCD detector was employed to record
the oscillation data with Δφ=1.0°, covering a total
oscillation range of 240°. The data sets were processed
using the program MOSFLM,53 and the resulting intensi-
ties were scaled and merged using the program
SCALA54,55 from the CCP4 package.56 The best crystal
diffracted to 2.8 Å resolution and belongs to the monoclinic
space group C2 with unit cell parameters a=239.98 Å,
b=51.96 Å, c=192.35 Å and β=92.33°. A total of 230,659
measured reflections were merged into 58,182 unique
reflections with an Rsym of 10.5 (Table 1).
Structure solution, refinement and analysis
The structure of one monomer from H. sapiens Prx2
(TPxB) decamer24 was used as the search model in
molecular replacement protocols [66% amino acid se-
quence identity; Protein Data Bank (PDB) code 1QMV].
The orientations and the positions of the molecules in the
asymmetric unit were found using MOLREP,57 and the
molecular replacement solution displayed 10 monomers in
the asymmetric unit, in agreement with the Matthews
coefficient calculation,58 with the best result giving
2.5 Å3 Da−1 and a solvent content of 49.2%. The initial
Rmerge of this model after rigid‐body refinement was 47% at
3.0 Å resolution. The analysis of the structure solution of S.
cerevisiae Tsa1C47S revealed that the quaternary struc-
tural organization was similar to those observed in the
previously reported crystal structures of decameric Prxs.
The refinement of the Tsa1C47S structure was performed
using REFMAC 5.0,59 and a TLS atomic displacement
model60 was used in the later stages of the structure
refinement. The program Coot61 was used for the visual
inspection and the manual model building between the
refinement cycles. The stereochemical quality of the final
models was assessed by PROCHECK.62 The molecular
interactions were checked by visual inspection, and
structural alignments were performed using the program
Coot.61 The molecular graphic figures were generated
using the program PyMOL.63
Site-directed mutagenesis
Site-directed mutagenesis was performed using the
QuikChange® Site-Directed Mutagenesis Kit (Stratagene–
Agilent Technologies, Santa Clara, CA, USA). The plasmid
pET15b/Tsa1 carrying the wild-type gene served as a
template for generating the single mutants by PCR.
Annealing and synthesis were performed at 50 °C for
1 min and at 68 °C for 10 min, respectively. The cycle
Fig. 7. Topological surfaces of AhpC-Prx1 enzymes. Structures of AhpC-Prx1 enzymes in the reduced state: (a) R.
norvegicus Prx1 (2Z9S), (c) human Prx4 (2PN8) and (e) Salmonella typhimurium AhpC (1YEP). Structures of AhpC-Prx1
enzymes in the disulfide state: (b)R. norvegicus Prx1 (1QQ2), (d) human Prx4 (3TJG) and (f) S. typhimurium AhpC (1N8J).
Residues equivalent to the Tsa1 Glu50 and Arg146 are represented as red and blue spheres, respectively. Orange
spheres represent residues equivalents to CysP and CysR.
37Requirements for Tsa1 disulfide reduction by Trxnumber was 20 for generating the E50A and R146Q
variants. The pairs of oligonucleotides utilized for the
Glu50 and Arg146 substitutions were Tsa1E50A F (5′
TGTCCAACCGCAATCATTGCT) and Tsa1E50A R (5′
AGCAATGATTGCGGTTGGACA) as well as Tsa1R146Q
F (5′CCAGTCGGTCAGAACGTTGAC) and Tsa1R146Q R
(5′GTCAACGTTCTGACCGACTGG).
The methylated original plasmid was removed by
digestion with DpnI, and Escherichia coli XL1-Blue cells
were transformed and grown at 37 °C in LB (Luria–Bertani)
medium containing 100 μg ml−1 of ampicillin. The plas-
mids were extracted by alkaline lysis, and the purified
plasmids were sequenced with the DYEnamic™ ET Dye
Terminator Kit using the automatic sequencer MegaBACE(GE Healthcare). The recombinant wild-type and mutant
Tsa1 species were prepared essentially as described by
Oliveira et al.28 The protein concentration was determined
by the Bradford method and based on the molar extinction
coefficient computed from the amino acid composition
using the software ProtParam at ExPASy†.Size-exclusion chromatography
Size-exclusion chromatography was performed by ana-
lytical HPLC using a Shimadzu VP series equipped with a
Rheodyne injector and a Photodiode Array detector
(Shimadzu model SPD-M10Avp; Shimadzu Corporation,
38 Requirements for Tsa1 disulfide reduction by TrxKyoto, Japan). The samples (15 μM in 5 mM Tris–HCl at
pH 7.4) were separated by a system containing a Phenom-
enex BioSep-SEC-S4000 column (7.8 mm×300 mm,
5 μm, resolution range of 15–2000 kDa; Phenomenex,
Inc., Torrance, CA, USA) and a flow of 0.5 ml min−1 in
Hepes–NaOHbuffer (pH 7.0) and 50 mMNaCl. The elution
profile was monitored at a wavelength of 280 nm.
Thyroglobulin (669 kDa), ferritin (440 kDa), catalase
(232 kDa), aldolase (158 kDa), bovine serum albumin
(132 and 67 kDa), conalbumin (75 kDa), ovalbumin
(43 kDa), carbonic anhydrase (29 kDa) and α-lactalbumin
(14.2 kDa) were used as standards (GE Healthcare and
Sigma Aldrich). The chromatograms were analyzed using
the Class-VP software (Shimadzu Corporation). The Tsa1,
Tsa1E50A and Tsa1R146Q proteins were previously reduced
with 10 mM tris(2‐carboxyethyl)phosphine (TCEP) for
30 min at room temperature, and the excess TCEP was
removed using HiTrap desalting columns (GE Healthcare).
The redox treatments were 5 mM TCEP and 1.2 molar
equivalents of hydrogen peroxide.
Competitive kinetics with HRP
The second-order rate constant of the reaction of
hydrogen peroxide and Tsa1 (2.2×107 M−1 s−1) was
previously determined by competition with HRP.7 In this
study, we have determined the rate constants for mutant
proteins reacting with hydrogen peroxide, and as a positive
control, we determined again the corresponding rate
constant of the wild-type protein. In reaction mixtures
containing 0.1 M sodium phosphate buffer (pH 7.4),
0.1 mM diethylenetriamine pentaacetic acid (DTPA),
8.0 μM HRP and various concentrations of reduced
Tsa1E50A and Tsa1R146Q (4–16 μM), hydrogen peroxide
was added to a final concentration of 4.0 μM at 37 °C.
The extent of the conversion to compound I was
determined by measuring the absorbance at 398 nm
(Δε398=42,000 M
−1 cm−1) before and after 1 min of adding
hydrogen peroxide.64
Determination of Trx peroxidase activity
The Trx peroxidase activity was determined by moni-
toring the decrease of absorbance at 340 nm due to the
oxidation of NADPH in a Trx–Trx reductase coupled
assay, as previously described,1 but now with an excess
of reducing proteins in terms of their specific units. For this
purpose, Trx2 and TrxR1 from S. cerevisiae were
expressed and purified as previously described.65 The
reaction was carried out at 30 °C in 100 μl containing
150 μM NADPH, 200 μM hydrogen peroxide, 1 μM Tsa1
(or Tsa1E50A or Tsa1R146Q), 1 μM S. cerevisiae Trx2 and
0.2 μM S. cerevisiae TrxR1 in 50 mM Hepes–HCl buffer
(pH 7.0). The reaction was initiated by the addition of
hydroperoxide, and the peroxidase activity was monitored
at 340 nm. As a control, samples without the addition of
Tsa1 were also monitored.
DTT peroxidase assay
This method is based on the observation that oxidized
DTT absorbs UV light. Disulfide DTT formation was
followed by an increase in absorbance at 310 nm at30 °C.66 For this assay, 12.5 μM Tsa1 (or Tsa1E50A or
Tsa1R146Q) was incubated for 10 min with 10 mM DTT and
2 mM hydrogen peroxide or t‐BOOH in 10 mM Hepes–HCl
(pH 7.4), 1 mM sodium azide and 100 μM DTPA.
Tsa1 reduction assay
This assay is based on the observation that 2-Cys Prxs
run as dimers in nonreducing 12% SDS-PAGE.6,18 Wild-
type and mutant proteins were initially treated with hydrogen
peroxide at equimolar concentrations. The reduction by DTT
or Trx was followed by a transition from dimeric to
monomeric bands in nonreducing SDS-PAGE assays. The
reaction was stopped with buffer containing 4% SDS, 10%
glycerol and 62.5 mM Tris–HCl (pH 6.8). Proteins were
alkylated with N‐ethyl maleimide (50 mM) prior to dilution in
the gel-loading buffer to avoid artifactual disulfides.
Accession numbers
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